Axial-flow pumps with siphon outlet are widely used in South-to-North Water Transfer Project of China for the excellent characteristics and good performance in stopping period. The reverse rotational speed and the head of impeller are the key parameters for the system's safety in stoppage. In this article, the computational fluid dynamics method was used for three-dimensional unsteady numerical simulations. The method based on volume of fluid model was executed on geometrical model of the whole flow system to get the variation laws of internal and external characteristic parameters. Through numerical calculation, the variation laws of the parameters were got in the pump operating condition, braking condition, and turbine condition, and the maximum reverse speed of the impeller was 203.0 r/min (20.947 times the rated speed). Compared with the designed mode, when the air valve was opened in advance, the pump system would go through the weir flow state first, and a higher head of impeller would be got as a result. When the air valve refused to open, the pump system would get into runaway state. Comparisons of the calculated and measured results indicate the proposed computational fluid dynamics method is reliable in the simulation of the transient flow in axial-flow pump system.
Introduction
Axial-flow pumps are widely used in the water transfer project, agricultural irrigation, and urban water supply for the advantage of large flow, low head. The axialflow pump with a siphon outlet is commonly used. The air valve on the top of siphon outlet is used to export air in unit startup and to import air in stopping process. By opening the air valve to import air, the pump system can get the quick and reliable cut-off of water in stopping process. 1 However, the siphon outlet has a higher geometry elevation on the top, and it leads to larger backflow and reverse rotational speed. So, it is very important to get the variation laws of internal and external characteristics in stopping process in engineering application. 2 During the past few decades, there have been several studies on the transient characteristics of turbo-machine systems. 3 Tanaka and Tsukamoto 4 explored the transient phenomena at pump startup/shutdown processes of a centrifugal pump. A Dazin et al. 5 used angular momentum equations and energy equations to predict the torque, power, and head of the impeller under transient operating conditions. The transient flow through a centrifugal pump during startup process with the 1 method of characteristics (MOC) was researched by C Issa et al. 6 Nowadays, computational fluid dynamics (CFD) method is increasingly used to capture complex threedimensional (3D) features inside the fluid machinery. 7, 8 Dedicated experiments for the validation of CFD codes applied in pump have already been performed by W-d Shi et al. 9 J Feng et al. 10 got the influence of the tip clearance in axial-flow pump using CFD method. The performance of axial-flow pump with adjustable guide vane was simulated by Z-d Qian et al. 11 These studies enable us to improve our understanding of the flow characteristics in pump systems.
Although accurate and efficient simulation of unsteady flow phenomena remains one of the main challenges for CFD in turbo-machine systems, some achievements were made by comparing with experiments. 12 M Fortin et al. 13 used unsteady methods to simulate the flow within a turbine model in runaway condition. D Zhou et al.
14 simulated the runaway of axial-flow pump system caused from power failure using unsteady CFD method. Various numerical setups for modeling Francis turbine startups were presented by J Nicolle et al. 15 Z Li et al. 16 investigated the transient characteristics in a centrifugal pump during startup process experimentally and numerically. The transient behaviors of the centrifugal pump in stopping process were simulated by Y-l Zhang et al. 17 In this article, the volume of fluid (VOF) multiphase flow model and the dynamic mesh of the FLUENT code 18 were used to simulate the stopping process in axial-flow pump system. Cases of air valve opened in advance or refusing to open were simulated in addition to the designed mode (air valve opened with the motor's power-off at the same time). The parameters were got from the simulations such as maximum reverse speed and maximum head of impeller. Figure 1 shows the geometric model of a vertical axialflow pump driven directly by the motor, and the designed stopping mode is the air valve opening with the motor's power-off at the same time. The ratio of the model pump and the prototype pump is 1:1, and the suction sump, the elbow inlet passage, the impeller, the guide vane, the siphon outlet passage, the outlet sump, and other components are included. The mounting angle of the blades is 0°, and the other parameters of the axial-flow pump are showed in Table 1 .
Numerical methodology

Geometry
Grid generation and boundary conditions
The Gambit meshing software was used to generate the unstructured grids for the whole model. The grids in the zones of impeller and guide vane were refined for the complex flow. It could be found from Table 2 that the number of cells had little effect when it was large enough, and the head and discharge in scheme 3 had little difference to the rated values. So as to improve the computational efficiency, scheme 3 was chose to mesh the model, and the number of cells was 2.45 million.
The boundary conditions were set as follows: the pressure-inlet boundary condition was set at the inlet of the suction sump and the air tank, and the relative total pressure, turbulent kinetic energy, and its diffusion rate were given; the pressure-outlet boundary condition was set at the outlet of the outlet sump, and the relative static pressure, turbulent kinetic energy, and its diffusion rate were prescribed; the moving mesh model was used to simulate the rotation of the impeller and the air valve, and the interface boundary condition was set at both sides of the air valve; no-slip boundary condition was applied to the wall; and standard wall functions were applied to the region near the wall.
Numerical simulation procedures
The interactive flow of air and water phase in the outlet passage and air valve is an important part of the transient numerical simulations in stopping process. The VOF model has a good performance in tracking the interface between air and water by solving the volume fraction equation; 19 so, the VOF model was used to monitor the variation of gas-liquid two-phase flow. The governing equations of the VOF formulations on multiphase flow are as follows
Equation of continuity
Equation of motion
Volume fraction equation
where a 1 and a 2 are the volume fraction of water and gas phase, a 1 + a 2 = 1;ṽ is the velocity vector; r is the density; m is the dynamic viscosity; t is the time; r is the Hamiltonian; p is the static pressure; andF is the surface tension force of the fluid. The bulk properties such as density and viscosity are determined from the volume fraction weighed average of the properties of the two fluids, that is
where the subscript 1 indicates gas and 2 indicates the liquid phase. The governing equations were discrete with finite volume method (FVM), and the first-order upwind scheme was used for the convection items with a central difference scheme for the diffusion terms, and the pressure implicit with splitting of operators (PISO) algorithm was adopted to realize the velocity-pressure coupling solution. The realizable k-e turbulence model 20 based on the VOF model was also used with water as the primary phase and gas as the second phase.
Torque balance equation
The user-defined function (UDF) of the FLUENT code was used to control the changing law of the rotational speed of the impeller based on the torque balance equation, that is
where M is the total torque of the impeller, J is the rotary inertia, v is the angular velocity, and t is the time. The mechanical friction torque and the rotor wind resistance torque are not included in the total torque.
Results
After the entrance of air and the loss of active torque on the impeller, the pump system would get into the pump operating condition, braking condition, turbine condition, until the end of the stopping process. The designed stopping mode was simulated as well as the cases of air valve opened in advance or refusing to open. Analysis on characteristics in designed mode Figure 2 shows the distribution of air and water phases of the axial-flow pump with siphon outlet during stopping process. The stopping mode was that the air valve was opened with motor's power-off at the same time.
After a 2-s normal operation, air was imported into the outlet quickly as soon as the air valve was opened. An air pocket was formed in the upper part of downward section in the outlet passage because the forward flow still had a large velocity. The flow in the outlet was cut by air at 6 s with the water level of the upward part at the top of siphon, and the water level of the downward part is the same with the outlet sump's water level. From 6 to 14 s, the water level in the upward part decreased gradually. Then, the downward section's water level fluctuated in a narrow range and stabilized at the water level of outlet sump finally. Figure 3 shows the variation laws of the external characteristic parameters, including the discharge Q, the torque M, the head of impeller H, the static pressure P, the axial force of impeller F, and the rotational speed n. P is the static pressure of the monitoring point which is 0.2 m below the air valve (Figure 1) , and the direction of axial force F is upward.
The pump operating condition was from 2 to 4.97 s. During this time, the inlet flow Q in decreased rapidly; after air valve's opening, the water level of the downward part of the outlet passage decreased due to the geometrical characteristics; the outlet flow Q out increased first and then decreased; the static pressure of monitoring point P increased to atmospheric pressure at the moment of the valve's opening, and then it returned to vacuum with its value decreasing gradually with sharp fluctuation; the absolute values of the head H, the torque M, the axial force F all had a rapid decline at this stage.
The braking condition was at 4.97-6.31 s. The inlet flow was backward with the outflow, the speed of impeller and the vacuum of measuring point decreased. At this stage, the absolute values of H, M, and F all increased, and the maximum values obtained at 6.31 s were slightly larger than that of normal operation. So, it indicated that the time point 6.31 s is very important in the stopping process.
After 6.31 s, the pump system got into the turbine condition, and the speed was reversed. As it spun up to a high reverse speed, it caused a high resistance to the flow, which developed a high head at the impeller that must be provided for the design. The reverse speed reached the maximum value (203.0 r/min) at 10.64 s which was 20.947 times the rated speed. The other parameters all decreased to 0 gradually in this process until the pump system was completely stopped. 
Case of air valve's advance opening
The stopping modes of the pump system can be distinguished by the sequence of the air valve's opening and the motor's power-off, and the designed mode is that the air valve is opened with the motor's power-off at the same time. There is an important concern when the motor's power-off is lagging, since the result is not clear. So, the stopping process in this case was simulated, where the air valve was opened at 2 s and the motor lost power at 7 s. Figure 4 shows the distribution of air and water phases in stopping process with motor's power-off lagging behind. An air pocket was formed at 4 s in the upper part of downward section in the outlet passage. Compared with which in Figure 2 , the air pocket had a lower position because the motor was operating, and the velocity in the outlet passage was large. The weir flow was formed in the outlet passage at 6 s for the motor's operation, and the temporarily stable state lasted up to 7 s when the motor lost power. The existence of the weir flow is the major difference from the designed mode, and the water level of the upward section will decrease without the motor's operation. After 7 s, the state of weir flow was destroyed, and the water level of the upward section decreased with the downward section's water level fluctuating in a narrow range at the water level of the outlet sump. Figure 5 is the comparison of rotational speed n, the head of impeller H, the inlet discharge Q in , and the outlet discharge Q out in two modes. The maximum reverse rotational speeds in the two modes have little difference, and the two speed curves have a time difference of 5 s. Similarly, the main difference of discharge Q in and Q out is the time difference in the two modes. The H-max (maximum of H) of the mode with motor's power-off lagging was more than 5 m because the pump system got into the state of weir flow prior to the motor's power-off, and the H-max of the designed mode was only 3.2 m which was much smaller. As a result, the mode with motor's power-off lagging is not conducive to the safety of pump system.
From the comparison of the simulation results in the two modes, it can be concluded that the two modes have little difference in the maximums of rotational speed and discharge; however, the mode with motor's power-off lagging has a larger H-max caused by the weir flow, and it is a disadvantage.
Analysis of runaway
Apparently, if the motor's power-off is earlier than air valve's opening, it will lead to larger reflux and reverse rotational speed. Furthermore, the pump system will get into runaway state, if the air valve refuses to open. The runaway speed of the impeller is an important parameter in the stopping process, so the correct value of speed from CFD numerical simulation is necessary.
The CFD numerical simulation was performed under different heads to get the runaway speed. The initial value of rotational speed was 0, and the torque balance equation (5) was used to control the changing law of the rotational speed with UDF. Figure 6 shows the distribution of velocity vectors in runaway state. The direction of the flow was completely reversed, and the static pressure on the top of siphon outlet was negative.
According to the speed law of similarity, 21 unit runaway rotational speed n 11 is
where the subscript 1 indicates the prototype pump, and M indicates the model pump. The unit runaway rotational speed of this pump system is 219.97 r/min based on the model test. 22 So, the relationship between n 1 and H 1 can be obtained by equation (6) since other parameters are known. Figure 7 shows that the CFD results agree well with the test results, and the maximum error is less than 5.0%. Compared with test result, the runaway speed is higher in numerical simulation. The difference may be caused by the fact that the radial friction torque on the bearing and the wind drag torque on the rotor are not considered in numerical simulation, and the way using unit speed to obtain runaway speed may be another cause of error. As a whole, the numerical simulation method of the axial-flow pump has high reliability. 
Conclusion
The stoppage of axial-flow pump system was simulated in this article, and the CFD methods showed high reliability through the comparison of model test and numerical simulation. The following conclusions were obtained:
1. Through CFD simulations, the pump operating condition, braking condition, and turbine condition could be monitored as well as the parameters. 2. In the designed mode, the maximum reverse speed of the impeller was 2203.0 r/min at 10.64 s, which was 20.947 times the rated speed.
The head H, axial force F, and torque M of the impeller reached the maximums at about 6.3 s, and they were larger than the rated values. 3. In the case of air valve's advance opening, the pump system would first get into the weir flow state. Compared with designed mode, a higher head of the impeller would be the consequent result which was bad for the safety of the pump system.
